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Abstract
Among the diseases caused by protein misfolding is the family associated with the prion 

protein (PrP). This is a small extracellular membrane‑anchored molecule of yet unknown 
function. Understanding how PrP folds both into its cellular and pathological forms is 
thought to be crucial for explaining protein misfolding in general and the specific role of 
PrP in disease. Since the first structure determination, an increasing number of structural 
studies of PrP have become available, showing that the protein is formed by a flexible 
N‑terminal region and a highly conserved globular C‑terminal domain. We review here 
the current knowledge on PrP structure. We focus on vertebrate PrPs and analyse in detail 
the similarities and the differences among the coordinates of the C‑terminal domain of 
PrP from different species, in search for understanding the mechanism of disease‑causing 
mutations and the molecular bases of species barrier.

Introduction
A family of rare but all fatal neurodegenerative diseases which affect not only humans 

but also various animal species is related to the prion protein (PrP).1‑4 In humans, 
the pathologies connected with PrP include kuru, Creutzfeldt‑Jakob and Gerstmann‑ 
Straussler‑Scheinker diseases and fatal familial insomnia.5 In animals, they are known in 
several domestic and wild mammals, such as for instance sheep,6 cattle7 and cervids,8 where 
the pathologies take specific names such as scrapie, bovine spongiform encephalopathy 
(BSE) and chronic wasting disease respectively. PrP related diseases may arise spontaneously,  
be inherited, or be acquired by infection. In the latter case, they are known as transmis-
sible spongiform encephalopathies (TSEs). Under still unknown conditions, TSEs can 
some time assume epidemic proportions, which could potentially cross species barriers,9 
as it is the case for the BSE epidemic spread out amongst cattle in the United Kingdom 
around the 90’s.10

PrP diseases are thought to be part of the larger family of pathologies which is caused 
by protein misfolding and aggregation.11‑15 Characteristic symptoms are brain vacuola-
tion, astrogliosis and neuronal apoptosis, associated to accumulation in the central nervous 
system of extracellular protein deposits that may have or have not the properties of amyloid 
fibrils.16‑19 These formations have been shown to contain PrP proteins although in a form 
apparently different from that observed in healthy individuals: although identical in their 
primary structure, PrP aggregates are protease resistant and have a b‑enriched secondary 
structure,20-22 thus strongly suggesting that they are misfolded PrP species.23‑30 It is now 
common to distinguish between the two forms and refer to the cellular non-pathological 
PrP as PrPC, while the misfolded form is named PrPSc.31

The most unusual feature of TSEs, which makes this disease unique among the pathol-
ogies caused by protein misfolding, is the nature of the pathogenic agent in infectivity. 
It has been long debated whether the pathogen could be a virus, nucleic acids, a protein 
or another infective agent. While the involvement of nucleic acids has been definitely 
ruled out by recent studies,32,33 it is widely accepted that the infective agent is PrP itself 
according to the so‑called “protein‑only hypothesis.”34‑37 According to this hypothesis, 
the infectious pathogen is the misfolded PrPSc, which, by forming aggregates observed 
as cerebral accumulations in different TSEs, acquires new properties, such as toxicity and 
protease K resistance, which are absent in the native protein.38,39 The aberrant conformer 
PrPSc is believed to act as a structural template which induces conversion of other PrPC 
molecules into the pathological form. Since this model implies that proteins rather than 
viruses or nucleic acids may be infectious and carry heritable information, the protein‑only 
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hypothesis represents a new paradigm of 
molecular biology.7,36 This hypothesis is 
now supported by several independent 
lines of evidence. Injecting the recombi-
nant mouse PrP (mPrP) in the form of 
amyloid‑like fibrils into mice that express 
the endogenous protein generated neuro-
logical dysfuncyion.40 Consistently, in vitro 
prion replication is inhibited in PrPC defi-
cient mouse41 and cattle.42 Protein‑based 
inheritance has been observed both in 
yeast and in fungi.43‑47 The occurrence of 
self‑perpetuating conformations,48 called 
PrP strains, and the recently accomplish-
ment of in vitro PrPSc propagation15,49‑52 
provide further support to the protein‑only 
hypothesis.

Since pathology and infectivity53 are 
so intimately related to a protein that may 
exist in at least two different conforma-
tional states, large interest has been paid 
over the last 15 years to the structure 
of PrP both in its native54 and patho-
logical forms.55 Structure could also help 
to elucidate the cellular role of this protein, which although highly 
abundant in neurons and in other tissues,56 remains to the date 
elusive. The scope of this review is that of summarizing the state of 
art of the structural field which has much advanced since the last 
exhaustive summary.54 Because of the huge plethora of literature 
in the PrP field, we are forced to focus our interests to specific 
aspects. We shall mainly cover the experimental three-dimensional 
structures of full‑length PrP from vertebrates and of its structured 
domains and compare the knowledge acquired both for the folded 
PrPC with the much more limited description of the misfolded  
PrPSc form. We shall exclude from our analysis the structures of 
peptides and studies of metal binding properties and of unfolding/
misfolding pathways. We hope that our overview may provide a  
valuable reference for further studies.

Overview of the PrP Sequences and Structure
The human PrP (huPrP) gene is found in chromosome 20 and 

encodes a proto‑protein 253 amino acids long before processing  
(Fig. 1). In the mature form, the first 22 residues are cleaved after 
translation, whereas the last 23 amino acid residues are cleaved 
prior to the addition of a glycosyl phosphoinositol (GPI) anchor to  
Ser230. PrP are extracellular proteins normally attached to the outer 
surface of the cellular membrane by means of the GPI anchor. They 
have also two N‑linked glycosylation sites at residues Asn181 and 
Asn197.57,58 They are highly conserved amongst mammals:59,60 
huPrP has 94.9%, 99.2% and 92.8% sequence identity with the 
protein from sheep, chimpanzee and cow respectively. More distant 
but still highly homologous orthologues (30% identity and 50% 
similarity) are present in reptiles and amphibians.

PrPC is divided into two regions with distinct structural and 
dynamical properties.54 In mammals, the N‑terminus hosts a variable 
number (depending on the organism) of octapeptide PHGGSWGQ 
repeats. Each octarepeat is able to bind divalent metals such as 
copper and others,61 although the physiological significance of this 

interaction remains unclear. The octarepeats in mammalian PrPs are 
hexarepeats in birds and reptiles and a not readily apparent repeat 
pattern in frogs.

The N‑terminus, up to residue ~120, is flexibly disordered at 
pH 4.5.62 The HGGGW and GWGQ segments of the octare-
peats, which span residues 61–84, were shown to adopt a loop and 
a b‑turn‑like conformation respectively at pH 6.2.63 Therefore, 
an increase in the population of transient secondary or tertiary 
structure is observed in this region at pH 6.2 relative to pH 4.5. 
Studies of full‑length sheep PrP (shPrP) (25–233) at pH 5.5 by 
vibrational Raman optical activity and CD spectroscopy have also 
suggested that the shPrP N‑terminus (25–93) adopts predominantly 
a polyproline II conformation.64 This motif, which has the peculiar 
feature of lacking intra‑helical backbone hydrogen bonds, is known 
to be involved in molecular recognition and is a typical target of Src 
homology 3 (SH3) domains.65 Recognition of the C‑terminal SH3 
domain of the Grb2 protein was indeed found but it was mapped in 
the region 100–109.66

The C‑terminus of PrP is structured and presents a globular fold 
of three a‑helices (H1, H2 and H3) and a short, double‑stranded, 
antiparallel b‑sheet (S1, S2)54 (Fig. 2). A disulfide bridge between 
Cys179 and Cys214 links H2 and H3.

Since the first NMR structure of the C‑terminal domain of mPrP, 
solved in 1996,68 the number of PrP entries in the PDB database has 
increased continuously. Most of them were solved by NMR, having 
in solution either the full‑length or truncated forms of PrP, while the 
X‑ray structures are few and restricted to the C‑terminal domains 
of the human and ovine proteins. This could suggest an intrinsic 
tendency of these proteins to elude crystallization, possibly due to 
intrinsic heterogeneity or, more likely, to local flexibility.

Hereafter, we review in detail the available structures of the 
globular C‑terminal domain of vertebrate PrP, first dividing them 
according to the technique used and then comparing the results to 
gain an overall picture.

Figure 1. Overview of the PrP sequence. (A) Block diagram of the PrP architecture. The residue  
numbering refers to huPrP. The positions of the glycosilation sites are indicated at Asn181 and Asn197. 
Cys179 is covalently bound to Cys214. The number of octarepeats depends on the species considered. 
(B) Charge distribution along the sequence of huPrP. Only the charged residues are indicated. The 
N‑terminus contains only positively charged residues (11 charges), whereas the C‑terminus contains both 
types, with a slight excess of negative residues.
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NMR Structures of the C‑Terminal Domain of PrP
Almost all the sets of NMR coordinates available (with only a 

few exceptions) come from the same laboratory and were solved 
under very similar experimental conditions, i.e., at pH 4.5, 293 K 
and 10–50 mM acetate buffer (Table 1). They cover different species 
from humans to reptiles. All together, the NMR structures provide 
a wealth of information which results in a picture of PrPC rich of 
structural details.

HuPrP structures. There are currently nine structures of huPrP, 
which cover different variants (Table 1). Constructs of different 
lengths were studied, some spanning the full‑length mature PrP, 
others containing only the C‑terminal domain (Fig. 3A). They all 
agree well with an average r.m.s.d. of 0.9 Å, as obtained by super-
posing the backbone atoms of the secondary structure elements. 
Small differences were however observed in the chemical shifts of H2 
and H3 when comparing the values for the full‑length protein and 
for shorter constructs. These differences were first attributed to small 
pH variations69 and then reinterpreted as due to transient interac-
tions between the N-terminal tail and the C-terminal domain.70 

This interpretation suggests that the N‑terminus has a small but  

detectable stabilising effect on H2 and H3, as further supported by 
following data.63,71,72

The positions of the secondary elements are in optimal agreement 
in all structures, with S1 and S2 positioned at residues 129–130 and 
162–163. The sheet is in some structures prolonged by a b‑bulge 
between residues 131–133 and 160–161. H1, H2 and H3 span, on 
average, residues 144–152, 173–194 and 200–227. In some of the 
structures however H2 and especially H3 are interrupted into two 
regions, one forming a regular a‑helix, the other forming a 310 helix. 
The maximal variability both within each NMR bundle and among 
the different structures is observed at H3 and at the loop between 
S2 and H2 (residues 167–171), which is in a conformational slow 
exchange between two or more conformations in the millisecond 
time scale. It has been suggested that these dynamical properties 
may have relevance for PrP infectivity since these regions have been 
implicated in immune response and in species‑specific contacts with 
a still unidentified ‘protein X’ which was suggested to mediate the 
transition from PrPC to PrPSc.73

Variability could therefore be related to differences in the 
amino acid composition which leads to a higher predisposition to  

Figure 2. Sequence alignment and overall fold of PrP. (A) Sequence alignment of a subset of PrP precursor sequences chosen as the ones for which the  
structure of the C‑terminal domain is available (boxed in blue). The alignment was obtained and color coded by Clustalx.67 Stars, semicolons and dots refer to 
conserved and partially conserved residues, according to Clustalx convention. (B) Ribbon representation of the C‑terminal domain of mPrP.68 The secondary 
structure elements and the N‑ and C‑termini are labelled. The sulphur bridge is indicated in yellow.
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infectivity of certain variants. The structure which 
shows the largest differences with the other human 
PrP coordinates is 1fkc, which corresponds to the 
E220K variant.71

Other mammalians PrPs. After the structure 
determination of the C‑terminal domain and 
full‑length mPrP,68,83‑86 PrPs from several different 
mammalian species have been studied and compared 
in the attempt to understanding both the relation to 
disease‑causing mutations and the molecular bases 
of species barrier (Fig. 3B, Table 1 and references 
therein). The information obtained by this compar-
ison confirms, reiterates and reinforces what observed 
in the huPrP variants, with the structures being in 
excellent agreement with one another. The Ca atoms 
of the structures of mPrP68 (1xyx) and of hamster 
PrP69 (1b10), for instance, superpose with a 1.9 Å 
r.m.s.d, having been solved at different pH values and 
by different groups. The most diverse structure is that 
from elk (ePrP). In ePrP(121-231), the loop between 
residues 166–175 connecting S2 and H2, which is 
disordered in all other mammalian PrPs, is well struc-
tured and relatively rigid, as directly supported by the 
presence of sharp resonances from this region in the 
NMR spectra.78 The authors put forward the hypoth-
esis that the loop is part of the hypothetical ‘protein 
X.’78 Structure determinations of two mPrP variants, 
mPrP[N174T] and mPrP[S170N,N174T] in which 
the mouse residues were substituted by the elk ones, 
show that the loop conformation is determined by 
the co-presence of only two amino acids (170 and 
174), so that mPrP[S170N,N174T] exactly mimics 
ePrPC.78 The non-regular but well‑defined secondary 
structure formed by residues 166–175 is stabalized by 

two separate, local H‑bond networks. The N‑terminal region of the 
loop in mPrP[S170N,N174T] forms a 310‑helical turn comprising 
residues 165–169. A second network of H‑bonds is formed by the 
side chains of Asn171 and Thr174. This observation has suggested an  
explanation for the ease of transmission observed among the 
free‑range elk and deer herds, but not with other species.

Birds and reptiles. The NMR structures of the C‑terminal domain 
of PrPs from chicken [chPrP(121‑225)], turtle [tPrP(121‑225)] and 
frog [xlPrP(90‑222)] have also been solved, thus adding more evolu-
tionarily distant examples82 (Fig. 3C). Despite the relatively low 
sequence identity (30%), the structures are very similar, showing 
that sequence diverges faster than structure: the backbone atoms of 
H2, H3 and of the b‑sheet are superposable both with each others 
and with mammalian PrPs with r.m.s.d. values of 1.1 Å or less.  

Table 1	 Summary of relevant information about the NMR structures 

Species	 PDB Code	L imits	C omments	R eference
Human	 1qlx, 1qlz	 23–230		  70
Human	 1qm0, 1qm1	 90–230		  70
Human	 1qm2, 1qm3	 121–230		  70
Human	 1h0l	 121–230	 Two S‑S bridges	 74
Human	 1hjm, 1hjn	 121–230	 pH 7, 293K, no salt	 75
Human	 1e1j, 1e1g	 125–228	 50 mM NaAc, M166V	 76
Human	 1e1s, 1e1p	 125‑–228	 50 mM NaAc, S170N	 76
Human	 1e1w, 1e1u	 125–228	 50 mM NaAc, R220K	 76
Human	 1fkc, 1fo7	 90–231	 pH 4.6, 299K, E220K	 77
Elk	 1xyw	 121–231		  78
Bovine	 1dwy, 1dwz	 121–230		  71
Bovine	 1dx0, 1dx1	 23–230		  71
Sheep	 1xyu	 121–231	 H168	 79
Sheep	 1y2s	 121–231	 R168	 79
Pig	 1xyq	 121–231		  79
Dog	 1xyk	 121–231		  79
Cat	 1xyj	 121–231		  79
Rabbit	 2fj3	 91–228	 No salt	 80
Mouse	 1ag2, 1xyx	 121–231		  68
Mouse	 1y16	 S170N,N174T		  78
Mouse	 1y15	 N174T		  78
Hamster	 1b10	 90–231	 pH 5.2	 69,81
Turtle	 1u5l	 121–226		  82
Frog	 1xu0	 98–226		  82
Chicken	 1u3m	 128–242		  82

Unless otherwise specified the structures have been solved at pH 4.5, 10 mM sodium acetate and 293 K. When two PDB codes are 
given, the first refers to the minimised average structure, the second to the NMR bundle.

Figure 3. Bundles of the NMR structures. (A) Superposition of the nine 
huPrP structures. The backbone atoms of the secondary structure elements 
(residues 129–130, 145–152, 162–163, 173–190, 200–222) were arbi‑
trarily superposed on the coordinates of 1qm0 (shown in red). The minimised  
structure was used when available. Otherwise, the first structure of the bundle 
was selected. (B) Superposition of the PrP structures from other mammals. The 
best pairwise superposition according to Dali was found arbitrarily using the 
coordinates of mPrP (shown in red). (C) The coordinates of the C‑terminal 
domains of bird and reptile PrPs. Left, turtle; middle, frog; right, chicken. The 
same orientation as in Figure 2B was chosen.
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When superposing these secondary structure elements, however, 
some of the loops and the orientation of H1 show significant varia-
tions which may be regarded as ‘structural signatures’ for PrPs from 
the different evolutionary subgroups. Loop 166–173, which shows 
dynamic disorder in most of the mammalian PrPs except for ePrP78 is 
more precisely defined in the avian and reptilian proteins. This loop 
is stabilized by a long‑range H‑bond between Val171 and Tyr222 in 
tPrP, by insertion of a proline in chPrP, and by a two‑amino acids 
insertion in xlPrP. The polyThr stretch present at the C‑terminus 
of H2, which consists of a tetrathreonine segment in huPrP, is 
quite different from the capped helices of chPrP and tPrP, and the 
kinked helix of xlPrP. An additional “structural signature’’ for chPrP 
is provided by an insertion between the H2 and H3, which forms 
a flexibly disordered loop and an N‑terminal elongation of H3 in 
chPrP(121–225). This feature is conserved in all known avian PrP 
sequences.87

X‑ray Structures of the PrP C‑Terminal Domain
The first X‑ray structure of huPrP was reported in 2001.88 Since 

a swapped dimer was found in the crystal, domain swapping was 

proposed as a possible model for oligomerization in PrP propaga-
tion. Two more papers, published in 2004, described the shPrP 
structure both as a monomer89 and as antibody bound complexes.90 
Interestingly, although larger constructs (approximately from residue 
90 to 231) had been originally considered for X‑ray studies, the 
crystallized proteins resulted to be smaller proteolytic fragments  
(see below).

Ovine PrP. In sheep, a polymorphism at positions 136, 154 
and 171 (shPrP numbering) confers different susceptibility to 
scrapie. The genotype Ala136‑Arg154‑Arg171 (ARR) is resistant 
to scrapie, whereas the Val136‑Arg154‑Gln171 (VRQ) and 
Ala136‑Arg154‑Gln171 (ARQ) variants have high and medium 
susceptibility, respectively. How these mutations affect the pathology 
is unknown. Polymorphisms also occur in other species; for example 
Met/Val polymorphism at codon 129 of the huPrP gene has been 
related to Creutzfeldt‑Jakob disease.91 Genotypes, however, that 
protect from the disease—as in sheep—have not been observed so 
far. This renders shPrP an excellent candidate for multifaceted studies 
in relation to disease susceptibility.

The structures of the C‑terminal domain of shPrP are available for 
the free ARQ variant (residues 94–234, PDB entry code 1uw3)89 and 
for three variants in complex with Fab fragments which cross react 
with both PrPC and PrPSc (PDB entry codes 1tpx, 1tqb and 1tqc for 
the ARQ, VRQ and ARR variants respectively).90 The structures are 
very similar one another, with r.m.s.d. of 0.2–0.3 Å among the Fab 
complexes and a r.m.s.d. between 1tpx—taken as the representative 
structure of antibody bound shPrP—and the free ARQ variant 
(1uw3) of 1.31 Å (Fig. 4A and Table 2), the largest difference being 
in the S1‑H1 segment. The free ARQ variant used for crystallization 
trials of free shPrP contains a naturally occurring Arg151Cys muta-
tion (shPrP numbering which corresponds to Arg148 in huPrP), 
in which the additional cysteine is protected by a mixed disulphide 
with glutathione. In the crystal, a truncated 119-231 fragment was 
observed by mass spectrometry, even though the region 119–120 is 
not visible in the electron density map and the fragment 121-135 is 
one of the most disordered regions.

A similar truncation was observed in the three antibody bound 
structures, where, although the constructs spanned residues 103–234, 
the crystals were shown to contain the sequence 114–234 due to 
proteolytic cleavage. Residues 114–126 and 229–234 are also not 
visible in the electron density, being disordered. These three struc-
tures provide not only subtle differences amongst the variants but 
also structural details about antibody recognition. The interaction 
resides in the stretch 188–199 that encompasses the C‑terminus of 

Table 2	 Summary of relevant information about the X‑ray structures

Species	 PDBcode/ 	I nitial 	F ound 	 pH	C omments	 r.m.s.d.(Å) 	 r.m.s.d.(Å) 	 r.m.s.d. (Å)  

	R esolution (Å)	L imits	L imits			   vs. 1uw3c	 vs. 1tpxc	 vs.1i4mc,d

Sheep	 1uw3a/ 2.0	 94–233	 119–231	 8.6	 ARQ variant R151C mutant	 0.0	 1.3(101)	 1.4(98)
	 1tpxb / 2.5	 103–234	 114–234	 6.3	 ARQ variant	 1.3(101)	 0.0	 0.9(98)
	 1tqbb / 2.5	 103–234	 114–234	 6.3	 VRQ variant	 1.3(101)	 0.2(102)	 0.9(98)
	 1tqcb / 2.8	 103–234	 114–234	 6.3	 ARR variant	 1.2(101)	 0.3(102)	 0.9(98)
Human	 1i4m / 2.0	 90–231	 119–226	 8.0	 Swapped dimer	 1.4(98)	 0.9(98)	 0.0

aResidue numbering as in huPrP and consistent with PDB file 1uw3; bStructure of shPrP bound to antibody; cThe number of superposed Ca is given in parentheses; dA composite monomeric structure of huPrP, consisting 
of chain A (residues 119–191) and chain B (residues 196–226), was used for superposition (Fig. 4B)

Figure 4. Comparison between the X‑ray structures of the PrP C‑terminal 
domain. (A) Superposition of shPrP (1uw3, in red) from Leu125 to Ala230 
(huPrP numbering) with shPrP (1tpx, in blue) from Gly127 to Tyr228.  
(B) Superposition of shPrP (1uw3, in red) from Leu125 to Ala230 (huPrP num‑
bering) with huPrP (1i4m, chain A in cyan, chain B in magenta) from residue 
Gly119A to Thr191A and from residue Glu196B to Tyr226B.
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H2 and the initial part of the loop connecting H2 and H3. From  
a comparative analysis it emerges that the antibody does not affect 
the three-dimensional structure, apart from limiting the flexibility of 
its epitope.90 The mutated residues at positions 136, 154 and 171 are 
on the protein surface and therefore solvent exposed. The mutations 
induce conformational changes in the side chains of these residues. 
The authors noticed that, with respect to ARQ taken as a reference, 
VRQ is stabilised by an additional H‑bond between Arg139 and 
the side chain carbonyl of Asn162. ARR, on the contrary, looses the 
H‑bond between Arg167 and Gln171 and is therefore destabilised 
with respect to ARQ. Additional H‑bonds are found in the region 
S1‑H1‑S2 in ARQ and VRQ with respect to the scrapie resistant 
variant ARR. The authors propose that correlation of the sequence to 
the scrapie resistance could be attributed to the different stability of 
the three variants. Other hypotheses cannot however be ruled out.90

Human PrP. Of the recombinant huPrP protein (90–231) used 
for crystallization, only the sequence 119–226 was found in the 
crystal. In the structure, due to a closer packing, the N‑terminus  
is more ordered and visible in the electron density with respect to 
the other X‑ray structures. Therefore, the structural features of this 
segment are known only from huPrP.

Unexpectedly, the crystal structure determination of huPrP 
revealed the occurrence of a covalent homo‑dimer built up from 
domain swapping.88 The r.m.s.d. between the composite monomer 

of huPrP and shPrP (1uw3) is 0.9 Å (Fig. 4B). It was suggested 
that in solution there is equilibrium between the monomeric and 
dimeric forms, but only the latter is found in the crystal. The dimer 
is stabilized by two inter‑subunit disulphide bridges between Cys179 
and Cys214. The structural features are dominated by the swapping 
phenomenon. The H3 helix is forced to pack against H2 of the 
other subunit rather than packing against H2 of its own monomer 
by the covalent disulphide bond. Apart from the switch region and 
differences in the short loop connecting H2 to H3, the interactions 
between secondary structure elements are substantially conserved. 
In the swapped form, novel b strands, which amyloid fibrils have 
a high content of, are formed in the hinge loop. Therefore, domain 
swapping, which is a well known mechanism for dimerization/ 
oligomerization, was suggested as a plausible mechanism in PrP 
amyloid generation.92

Detailed Structure Analysis

The overall fold and the secondary structure elements of the crys-
tallographic structures are very similar to those described in the NMR 
section. The two sets superpose with r.m.s.d. which vary between 
1.3–4.2Å. These values are well within what is expected from species 
variability within the structure resolution and precision (Table 3). 
In the following sections, we describe a detailed comparison, trying 

Table 3	 R.m.s.d. (Å) between the X‑ray and the NMR structures; the number of the Ca atoms superposed is given  
	 in parentheses

Species	NMR  Structures	 r.m.s.d. (Å) vs 1uw3	 r.m.s.d. (Å) vs 1tpx	 r.m.s.d. (Å) vs 1i4ma

Human	 1QLX	 1QLZ	 1.6 (104)	 1.6 (104)	 1.6 (104)	 1.6 (104)	 1.8 (98)	 1.8 (98)
	 1QM0	 1QM1	 1.8 (104)	 1.6 (104)	 1.8 (104)	 1.6 (104)	 2.0 (97)	 1.9 (98)
	 1QM2	 1QM3	 2.0 (104)	 1.9 (104)	 1.9 (101)	 1.9 (101)	 1.9 (97)	 2.0 (97)
	 1H0L		  1.9 (106)		  1.5 (102)		  1.6 (98))
	 1HJM	 1HJN	 1.8 (104)	 1.8 (104)	 1.7 (101)	 1.8 (101)	 1.9 (98)	 2.1 (98)
	 1E1J	 1E1G	 1.6 (104)	 1.7 (103)	 1.6 (101)	 1.6 (101)	 1.8 (98)	 2.2 (98)
	 1E1S	 1E1P	 2.0 (104)	 2.0 (104)	 1.4 (101)	 1.8 (101)	 2.0 (98)	 1.9 (98)
	 1E1W	 1E1U	 1.6 (104)	 1.7 (104)	 1.6 (99)	 1.6 (99))	 1.9 (98)	 2.0 (98)
	 1FKC	 1FO7	 2.4 (104)	 2.4 (104)	 2.0 (104)	 2.0 (104)	 1.9 (97)	 1.9 (97)
Elk	 1XYW		  2.0 (105)		  1.6 (102)		  1.9 (101)
Bovine	 1DWY	 1DWZ	 1.8 (103)	 1.8 (103)	 1.6 (102)	 1.5 (102)	 2.0 (99)	 2.0 (98)
	 1DX0	 1DX1	 2.0 (103)	 1.6 (103)	 1.7 (102)	 1.3 (102)	 2.1 (99)	 1.7 (99)
Sheep	 1XYU		  1.9 (106)		  1.6 (102)		  1.8 (100)
	 1Y2S		  3.5 (105)		  2.8 (101)		  2.8 (99)
Pig	 1XYQ		  2.8 (104)		  2.8 (102)		  2.8 (102)
Dog	 1XYK		  2.3 (101)		  2.5 (100)		  2.5 (100)
Cat	 1XYJ		  2.2 (103)		  2.2 (100)		  2.3 (99)
Rabbit	 2FJ3		  2.8 (101)		  2.6 (101)		  2.7 (97)
Mouse	 1AG2	 1XYX	 2.6 (100)	 2.1 (106)	 2.6 (100)	 1.8 (102)	 2.8 (96)	 2.2 (100)
	 1Y16		  1.4 (104)		  1.4 (102)
	 1Y15		  1.7 (106)		  1.3 (102)
Hamster	 1B10		  1.8 (104)		  1.7 (101)		  2.0 (98)
Turtle	 1U5L		  3.3 (99)		  3.8 (98)		  3.1 (98)
Frog	 1XU0		  2.3 (92)		  2.5 (92)		  2.5 (89)
Chicken	 1U3M		  3.8 (92)		  4.2 (93)		  4.0 (94)

aThe superposition was done using the regions Gly119‑Thr191 of chain A and Glu196‑Tyr226 of chain B of the swapped X‑ray structure.
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to analyze subtle differences which might be correlated to the PrP 
pathology. Because they require high resolution, our analysis has 
been inferred from the X‑ray structures, although most of our obser-
vations hold, when appropriate, also for the structures in solution.  
We analyse hierarchically the secondary structure, the interactions 
that direct and stabilise the tertiary structure and describe the interac-
tions between adjacent molecules in the crystals.

Interactions stabilising the secondary and tertiary structure.  
A schematic representation of the PrPC fold with the most impor-
tant ionic interactions is shown in Fig. 5. The two short S1 and S2 
b‑strands, which form an antiparallel b‑sheet, are strictly conserved 
in all structures. Each strand is two‑residues long, with S1 being 

The Prion Structure

exposed on the surface. The sheet is stabilized by H‑bonds between 
Met129 and Tyr163; Gly131 and Val161.

H1, 8–10 residues long, is always followed by three residues in 
a 310 helical conformation. This sequence contains several charged  
residues which make favorable sequential ionic interactions: the 
region comprising H1 and the 310 helix contains up to two Asp, 
two Glu and three Arg; the latter at positions 148, 151 and 154 
respectively (huPrP numbering). A careful comparative analysis of 
the X‑ray structure reveals subtle differences in the salt bridge pattern 
which stabilises H1. In huPrP, Arg148 and Glu152 are connected 
by a salt bridge. This interaction, which cannot be formed in 1uw3 
because of the Arg148Cys mutation, is present in 1tqc and 1tqb  
(2.6 and 4.1 Å respectively), but missing in 1tpx, where Arg151 
(corresponding to Arg148 in 1i4m and 1uw3) is engaged in a 
salt bridge with chain B of the antibody (see par. on interfaces). 
In both human and non-complexed ovine PrP (1uw3), Arg151  
(corresponding to Arg154 in shPrP numbering) forms a salt bridge 
with Asp147, whereas in the antibody‑bound shPrPs, studied at pH 
6.3, the latter residue interacts with His140.

One of the major determinants of the tertiary structure of PrP is 
the disulphide bridge between Cys179 and Cys214, which anchors 
H2 to H3. Apart from this, H2 does not make significant interac-
tions at the tertiary structure level. The only exception is a salt bridge 
between Arg167 and Asp181 in the antibody‑bound scrapie‑resistant 
ARR variant, suggesting a role of this interaction in disease resist-
ance. In huPrP, H2 is broken into two regions (referred as H2 and 
H2’) separated by a nearly b‑patch; H2 ends to residue 188, whereas 
the segment Val189‑Phe198 crosses the dimer interface and links 
each monomer to H3 (Fig. 6A). The H2‑H2' loop adopts an anti‑ 
parallel b‑sheet structure (residues 190–194) with strands belonging 
to different chains. This region has been suggested to contain a 
‘frustrated’ or ‘discordant’ sequence which, in the monomeric 
structure, assumes a helical conformation, instead of the predicted 
most favored b‑structure.93,94 Conversion of the tetraThr stretch  
(residues 190–193) to a b‑structure would relieve ‘frustration’.

H3 contains several charged residues. Arg208 and 220, and 
Glu211 and 221 are engaged in a cluster of charge interactions 
(distances in the range 5.7–6.8 Å) along the helix. Electrostatic  
interactions link H3 to other structural elements, stabilizing the 
tertiary structure. Apart from huPrP, where neither H1 nor H3 of 
the same subunit are involved, in all shPrPs, H1 and its terminus 
in a 310 conformation are anchored to the region encompassing 
the H2‑H3 loop and H3. In particular, Glu146 is salt bridged to 
Lys204, and Arg156 is linked to both Glu196 and Asp202 (Fig. 5). 
It is impressive to notice the conservation and the high number of 
contacts engaged by the guanidinium moiety of Arg156. As a result, 
the relative orientation between H1 and H3 is conserved in all the 
ovine structures and is ~‑70˚.

The H1‑H2 loop is (internally) stabilized by a salt bridge between 
Arg164 and Glu168 only in huPrP. The H2‑H3 loop is stabilized by 
a salt bridge between Lys194 and Glu196 only in shPrP (1uw3). This 
strong interaction is not found in either huPrP, in which this region 
is involved in the hinge of the swapped dimer, or antibody‑bound 
shPrPs, being this region the antibody epitope.

Interfaces. The crystal state of a protein or of its complexes 
offers the opportunity to examine the interface between adjacent  
symmetry related molecules and hence to study how the molecule can 
interact not only with small ligands but also with macromolecules.  

Figure 5. Schematic representation of the fold of the PrP C‑terminal domain, 
indicating the most relevant ionic interactions (within 3.8 Å) as observed in 
the X‑ray structures. The disulfide bridge connecting H2 to H3 is indicated 
in yellow. Residue numbering, sequence (apart from the mutation R148C) 
and secondary structure assignment refer to huPrP and are consistent with 
1uw3 (the sequence of the antibody‑bound shPrP differs by +3). Ellipses 
represent residues in a‑helix; green rectangles represent residues in b‑strand; 
diamonds represent residues in 310 helix; transparent rectangles represent 
charged residues in loops. Red, blue, green, purple and cyan lines refer to 
interactions observed in the 1u3w, 1tpx, 1tqb, 1tqc and 1i4m structures,  
respectively. Interactions within the dimer were considered for 1i4m. 
Inter‑molecular interactions between adjacent molecules in the crystal state 
are shown by red dotted lines.
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In PrP, the dimer‑oligomer formation is a crucial step towards 
formation of the pathological scrapie form. A careful analysis of 
the structural features of the interfaces between neighboring PrP 
molecules may thus be useful for understanding the oligomerization 
process. We took into account only the interfaces with an area ≥380 
Å2. A partial list is reported in Table 4.

H2, the following H2‑H3 loop and the C‑terminus of H3 form 
the most extensive interfaces in all X‑ray structures. They are the 
regions most prone to interact with other molecules. In huPrP, 
distinct contacts are also formed between the H2‑H2' loop (Fig. 6A). 
This segment forms two distorted b‑strands, suggesting a tendency  
of the C‑terminus of H2 and especially of the polyThr stretch  
(residues 190–194) to adopt an extended conformation.

The C‑terminus of H2, the H2‑H3 loop and the N‑terminus 
of H3 contribute to the largest contact interface in the crystal of 
1uw3 (815 A2). The two molecules, related by a dyad axis, face 
each other and form an extended network of interactions (Fig. 6B).  

In the shPrP‑antibody complexes, the C‑terminus of H2 and the 
H2‑H3 loop are extensively involved in contacts with the heavy 
chain of the antibody.90 Binding to the antibody is further stabilized 
by a salt bridge between H2 Lys197 and Asp29 belonging to the 
antibody light chain (Fig. 5).

Numerous intermolecular contacts are formed between H1 and 
H3. In 1uw3, hydrogen bonds and salt bridges (Asp144 and Asp 147 
linked to Arg228) stabilise the inter‑helix interaction (Fig. 5). The 
largest interface between H1 (including 310) and H3 is located at the 
dimer interface of the huPrP structure. As H3 protrudes out towards 
the other subunit, the stabilizing contacts observed in the monomeric 
shPrP structures between these two helices are preserved in the huPrP 
swapped dimer (Fig. 6A).

In 1uw3, the S1 strand forms an anti‑parallel b‑sheet with S1 of 
a symmetry‑related molecule. The elongated sheet is stabilized by 
two intermolecular backbone H‑bonds between Tyr128 and Leu130 
(Fig. 6C). As a result, a four stranded b‑sheet is formed across the 

Figure 6. Interfaces observed in the crystal structures (see also Table 4). (A) Dimeric swapped structure of huPrP (1i4m). Chains A and B are drawn in cyan 
and magenta respectively. The extended surface partly encompasses H1, H2, H2' and H3. A detailed view of the hinge region between the two subunits 
is shown in the inset. The newly formed b‑strand encompasses the polyThr stretch (190‑194). (B) shPrP structure (1uw3). The two symmetry axis related 
molecules are drawn in red and green. The contact surface encompasses the C‑terminus of H2, the connecting loop, and the N‑terminus of H3. The ionic 
interaction between the side chain of Lys185 and Glu207 is indicated. H‑bonds close to the surface are omitted for clarity. (C) Close up view of shPrP 1uw3 
showing how the b‑sheet elongates through interaction between adjacent molecules. The side chains of selected residues are indicated. Met129 and Leu130 
are labelled only once. Only backbone H‑bonds are drawn, with N and O atoms indicated by spheres. (D) b‑sheet elongation in the 1tpx shPrP structure  
(in blue). The antibody C chain is drawn in green. The contact surface encompasses PrP S1 and the short edge strand belonging to the four‑stranded b‑sheet, 
named I, of the antibody C chain. Only two strands of sheet I are drawn.
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crystallographic dimer (382 A2). The authors speculate that, despite 
the small number of contacts, this intermolecular b‑sheet is one of 
the loci for fibre formation.

As a comparison, in all shPrP‑antibody complexes, S1 makes 
contacts with a b‑strand of the light chain of the antibody, 
generating an intermolecular b‑sheet (Fig. 6D). In this interface,  
also the side chains of S1‑H1 and S2 participate to stabilize the 
interface by forming H‑bonds with the antibody (Table 4). The 
interface is further stabilized by a H‑bond between the antibody 
and H3 (not in figure), suggesting a high tendency of S1 to elongate 
the b‑sheet by interacting also with macromolecules other than PrP. 
This tendency is part of a general mechanism observed in protein 
oligomerization.95

Role of non-bulky water molecules. The PrP crystal structures 
contain structured water molecules participating in H‑bond net- 
works either with the protein or with other water/ligand molecules. 
We analysed these H‑bond patterns in four crystal structures. The 
structure of the shPrP variant ARR (1tqc) was ignored because its 
lower resolution and the fewer water molecules—mainly bound to 
the antibody—with respect to the other structures.

Despite the different crystal packing, the crystal structures contain 
a few conserved sites where water molecules are bound, indicating a 
high tendency of these regions to be hydrated.97 One site in partic-
ular deserves some comments (water #1, 8, 4 and 62 in the PDB files 

1uw3, 1tpx, 1tqb and 1i4m respectively). This water molecule acts as 
a donor to the side chain oxygen of Ser132 present at the C‑terminus 
of S1 and to OE1 atom of Gln217 in H3 and as an acceptor from the 
amide nitrogen of Val161 at the N‑terminus of S2 (Fig. 7). In this 
way, the water molecule bridges three secondary structure elements 
which are distant in the sequence (S1, S2 and H3) and may therefore 
contribute to stabilising the tertiary structure of the PrP fold. Other 
studies have been carried out on PrP hydration, but a detailed discus-
sion of the results is beyond the scope of this review.

Validity of Structural Studies of Recombinant 
Proteins as Models for the Disease

All available PrPC structures were expressed in simplified host 
organisms such as E. coli, leading to overexpressed recombinant  
exogenous proteins. This is a common practice in most of the struc-
tural and biochemical laboratories. Correctly, however, some concern 
was put into demonstrating that recombinant PrP is a relevant model 
of the native PrPC. This point could in principle be particularly 
tricky and the in vitro studies have no validity for PrP which is a 
glycoprotein anchored to the lipid membrane. A study on PrPC 
extracted from healthy calf brain demonstrated that native bovine 
PrP exhibits the same circular dichroism and 1H‑NMR spectra as the 
recombinant protein.98 Another report showed that the anchoring of 
recombinant PrPC to a lipid membrane does not affect its fold.99 All 
together this evidence suggests that in vitro PrPC adopts substantially 
the same three-dimensional structure of its recombinant form and 
legitimated the available structures as reliable models of the native 
protein.

What Does Structure Tell Us About PrP Function?

Despite the impressive number of available studies, the physi-
ological role of PrP remains unknown.41,100 An approach that has 
proven useful in such cases is that which relies on the knowledge 
that structure is retained through evolution longer than sequence 
similarity.101 Identification of structural similarities could therefore 
suggest new hypotheses about function. Unfortunately, the PrP 
fold is relatively unique. High structural similarity was nevertheless 
detected between the PrP C‑terminal domain and the doppel (Dpl) 
protein102 despite their distinct origins.60 The two proteins share 
~25% identity60 and their structures superpose with an r.m.s.d. of 

Table 4.	 Classification of a few selected interfaces observed in the crystal state; only some interfaces with an area 		
	 ≥380 Å2 were listed

PDB code	 Molecule 1	M olecule 2	 Area (A2)	NHB	NSB 
	 Nat	N res	N at	N res
1i4m	                     Chain A at x,y,z		                      Chain B at x,‑y,1‑z
	 314	 74	 314	 74	 3164	 28	 6
1uw3	                     Chain A at x,y,z		                      Chain A at 1‑x,1‑y,z
	 86	 26	 84	 25	 815.4	 8	 2
	                     Chain A at x,y,z		                     Chain A at 1‑x,‑y,z
	 43	 15	 43	 15	 382.8	 6	 0
1tpx	                     Chain A at x,y,z		                       Chain C at 1/2‑x,y‑1/2,‑z
	 40	 17	 46	 10	 418.8	 11	 0

The analysis was performed by the PISA program.96 Nat, Nres, NHB and NSB stand for number of atoms; residues; hydrogen bonds and salt bridges respectively.

Figure 7. Conserved hydration site in the crystal state. The figure refers to 
shPrP (1uw3), as an example. Distances are given in Å.

www.landesbioscience.com	 Prion	 193



The Prion Structure

~3.8‑4.0 Å103,104 (Fig. 8). In knock‑out mice studies, it was noticed 
that while some PrP0/0 lines were viable and appeared phenotypically 
normal,105 others developed late‑onset ataxia related to degen-
eration of Purkinje neurons.106 Although not normally expressed 
in the central nervous system, Dpl was found to be upregulated 
in the PrP0/0 lines that develop ataxia.102 This phenotype could be 
rescued by crossing the null mice with those overexpressing wild‑type 
mPrP, thus suggesting that Dpl is able of replacing PrPC in vivo.107 
While very tempting, this hypothesis still provides relatively little 
advancement to understanding the function of PrP, since even less  
(if possible) is known about the Dpl function. Forthcoming studies 
on the recently discovered PrP‑like protein, namely Shadoo, may add 
new light to understanding the PrP protein family.108,109

The Structure of PrPSc in Amyloid Fibres
While not directly the aim of this review, we shall now summarize 

briefly the current knowledge on the structure of PrPSc. Its physico-
chemical properties greatly differ from the cellular form. While PrPC 
is a monomeric and easily degradable protein linked to the out‑ 
membrane, PrPSc, as isolated from infected brains, is aggregated and 
at least partially protease resistant.20-22 Only the N‑terminal 23‑89 
fragment can be cleaved, generating a well defined resistant core of an 
apparent mass of 27–30 kDa, termed PrP27‑30.110 PrP27‑30 retains 
infectious character and can further polymerize to form fibres.20,111 
In addition, PrPSc can differ depending on many factors, i.e., diverse 
PrPSc are formed with or without the GPI anchor.17,18 Particularly 
intriguing is the phenomenon of the PrP strains.48,112,113

As opposed to PrPC, very little is known about the PrPSc structure 
due to its fibrillar nature and its insolubility, which have hampered 
structural studies by classical high resolution methods and demanded 
the use of alternative approaches. FT‑IR spectroscopy using both 
conventional and synchrotron sources has indicated that PrPSc and 
PrP27‑30 contain a higher amount of b‑structure and a lower a‑ 
helical content.21,114,115 The amyloid nature of the PrP27‑30 
fibres was supported by the presence of a cross‑b structure, as 
observed by X‑ray fibre diffraction.116 Electron diffraction data 

on two‑dimensional crystals of PrP27‑30 
allowed building a model, in which the region 
89‑175 forms left‑handed b‑helices that asso-
ciate in turn to form trimers (Fig. 9A). 
The remaining sequence of the C‑terminal 
domain is supposed to maintain its native 
a‑helical structure (H2 and H3).55,117,118 
Sugars, labelled with monoamino nano-
gold, were also localised at the periphery 
of the oligomers. Chemical cross‑linking  
experiments support this model.119

A b‑helix is however inconsistent with 
mass spectrometry and with H/D backbone 
amide exchange data obtained from fibrillar 
samples of the recombinant protein120 
which suggest that the sequence covering 
residues ~169–221 contributes to the core 
of the b‑sheet, whereas residues 90–168 do 
not form H‑bonded structures. A way to 
explain these differences is to assume that 
they arise from the different nature of the 
specimens used.

Figure 8. Structural comparison between the C‑terminal domain of PrP and 
Dpl. The structures of (A) mPrP (1ag2), (B) hamster PrP (1b10), (C) mouse 
Dpl (1i17) and (D) human Dpl (1lg4) were superposed by the Dali server 
and then displaced. The two Dpl structures superpose with an r.m.s.d. of 
2.0 Å over 97 residues (Z‑score 13.45), whereas the two mouse paralogs  
superpose with an r.m.s.d. of 3.8 Å over 87 residues (Z score 5.0).

Figure 9. Current models of PrPSc. (A) Trimeric model of PrP27‑30 after Govaerts et al., 2004.55  
(B) Crystal structure of the PrP SNQNNF peptide (PDB code 2ol9).124
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Further information on the PrPSc structure could potentially 
come from solid state NMR studies,121 which have been successfully 
used to characterize other amyloidogenic proteins.122

Finally, it is worth mentioning the recent work by the Eisenberg’s 
group on short peptides, among which are the MIHFGND, 
NNQNTF and SNQNNF sequences from mPrP, ePrP and huPrP 
respectively, which are known to form fibrils.123,124 Their X‑ray 
structures at atomic resolution have revealed that the peptides exhibit 
a cross‑b spine as a common structural feature. Specifically, two 
interdigitated b‑sheets pack against each others generating a comple-
mentary dry ‘steric zipper’ (Fig. 9B). This motif has been surmised 
to be the universal structure of amyloid. The polymorphism of the 
steric zipper observed among various crystals is consistent with PrP 
polymorphism and strain. Future studies along this direction will 
almost certainly provide a further contribution to our knowledge of 
the amyloid structure in general and of PrPSc in particular.125

Conclusion

The structural description of PrPC as reviewed in this paper 
provides an important prerequisite for our further comprehension 
of the nature of the structural conversion from a healthy protein to 
a fatal pathological agent observed in PrP diseases and to provide a 
model of how infectivity may take place. The available data provide 
precious details onto the subtle differences between highly homolo-
gous proteins from quite different species. How this knowledge can 
now be exploited to identify the cellular function of PrP and extended 
to characterize the structure of PrPSc remains an important challenge 
for the future. There is anyway no doubt about the central role that 
structural biology plays in our attempt to undertake the long journey 
which will hopefully leads eventually to a deep comprehension of the 
pathological mechanisms of PrP diseases.
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